We present an overview of design approaches for nanometrology measuring setups with a focus on interferometry techniques and associated problems. The design and development of a positioning system with interferometric multiaxis monitoring and control is presented. The system is intended to operate as a national nanometrology standard combining local probe microscopy techniques and sample position control with traceability to the primary standard of length. 
Introduction
Nanometrology, a relatively new branch of metrology represents a response to the rise of nanotechnology as a new field of science. Developments in production technology on the micro-scale, precision manufacturing and especially in the electronic semiconductor industry also increased demand for precision measurements of dimensional quantities on a scale below and far below one micrometer. * presented at the Workshop on Near Field Methods, March 22-23, 2011 , Valtice, Czech Republic † E-mail: joe@isibrno.cz Traditional length metrology relies on optical coherent interferometry where the elementary length to be counted is a wavelength of (visible) light and the light source is a laser with a precise and stable optical frequency. The lengths to be measured are large multiples of the wavelength and they are set by macroscopic objects, interferometric optics, corner-cube reflectors, etc. Measurement far below the wavelength limit together with the need to image and quantify dimensions on the nanoscale generates specific problems so complex that nanometrology constitutes a new discipline of metrology.
Measurement of objects in the nanoscale includes their imaging and combining the structure or topography with measurement. These demands result in nanometrology standards in the form of a microscope equipped with a measuring system able to deliver the resolution and 1 precision needed on the nanoscale with traceability to the primary length standard, if possible being direct. The resulting assembly thus consists of a combination of a microscope, a positioning system and a coordinate length interferometer linked to the positioning system. When the imaging has to be able to resolve objects and structures far below one micrometer there are only two microscopy techniques available, scanning electron beam microscopy and a host of techniques called local probe microscopy based on the interaction between a probe and the sample, again in a scanning mode. Complexity, price and the need for having the object in vacuum conditions disqualifies the electron microscope quite significantly. The standard configuration thus emerges in the form of an Atomic force microscope (AFM) with a fixed position probe (tip) and a scanning stage with the sample and interferometers [1, 2] .
Traceability of the interferometric position measurement is secured through the laser source which should operate on one of the wavelengths coinciding with transitions in a suitable absorbing media [3] . Stable optical frequency represents stable wavelength in vacuum; in atmospheric conditions conversion to precise wavelength needs an evaluation of the refractive index. Interferometric incremental measurement with a coherent light source represents a measuring tool with excellent dynamic range over large distances but on the nanoscale where the measuring range may be only tens or hundreds of wavelengths the interpolation of a single fringe becomes a crucial aspect. The measuring range is mostly a mechanical problem in which the positioning stage should deliver sensitivity and resolution which is in relation to the measurement. PZT driven flexture stages can cover tens or hundreds of micrometers but to put together a larger scale system becomes a challenge in mechanical engineering [4] .
Concepts
The first choice of an interferometric system is a setup consisting of commercial components. Length measuring interferometers are based on a He-Ne laser source delivering good primary stability, moderate noise, simplicity and good optical properties of the laser beam. Output power for a single-frequency laser at the 1 mW level is enough to feed a limited number of interferometric units, usually not more than three. Stabilization of the optical frequency is derived from a Doppler broadened gain profile of Ne [5] . The choice of an alternative laser source has been presented in [6] where a frequency doubled Nd:YAG laser can be operated in a single-frequency regime with an output power of 100 mW or more. This can facilitate more complex interferometric setups with additional measuring axes and incorporating fiber-light delivery. Traceability to the primary standard of length has to be secured through spectroscopy of molecular iodine in an external absorption cell [7] . Due to the limiting factor of the refractive index of air and its variations, detection of and stabilization to a Doppler broadened line via linear spectroscopy is sufficient.
Monitoring of the stage position in the simplest configuration should include two axes in the horizontal plane; measurement in the vertical axis realizes 3D control [8] . Guidance errors resulting in tilting the stage introduce cosine errors into the path measured by the interferometers and distortion of the scanned surface. An optimum configuration should adhere to the Abbe principle, the microscope probe coinciding with all the measuring axes [9] . Full monitoring or control of the stage position requires six-axis measurement where the angular deviations, pitch, roll and yaw are independently measured. Reduction of the guidance (angle) errors can be a part of the mechanical design and the whole system may rely on the once measured and guaranteed straightness of motion.
Developments in the field of nanometrology standards resulted in two concepts distinguished by the measuring range. Scanning over an area below approximately 1 x 1 mm can be done with PZT driven flexture stages with virtually no backlash, and sensitivity and resolution on the nm level or better [10, 11] . The design of the stage relies on flexible joints and suffers from the presence of angle deviations over the scanning range. On a small-range scale they may be considered negligible. Nanopositioning stages covering ranges over 1 mm or even several cm represent a very complex problem requiring designs with a sophisticated flexture lever system [12] [13] [14] [15] [16] or high-quality guidance reducing the backlash [17, 18] . Driving of a large-range stage is a task for motor incorporating the stepping principle. Actuators based on PZT drives combine resolution and sensitivity over a micrometer range and the ability to generate incremental steps to cover a larger range. Similarly magnetic drives, called voice coil actuators, due to their similarity with loudspeaker principle operate with displacement integrating the drive current. This can be considered an equivalent to the incremental principle, extending the dynamic range without sacrificing resolution [19, 20] . Even larger range systems have been designed, they can be seen as small 3D coordinate measuring systems targeting the micro-, not the nanoworld [21] [22] [23] .
Large-range positioning may be not only a large field of view through the image of a large sample but this concept generates new problems. Interferometric measurement over a larger beam path in the atmosphere increases the influence of the refractive index of air and its variations and it becomes necessary to reduce the dead-path. This means to reduce the length of the laser beam which is not included in the measured displacement. Changes of the refractive index influence the whole beam length. Still with the evaluation of the refractive index through indirect measurement of the fundamental parameters of air [24, 25] the theoretical precision of interferometric measurements may be below 10 −8 in good laboratory conditions [26] ; air flow and air thermal gradients being the main limiting factors. An enclosed laser beam, thermal stabilization of the air around the setup and preferably horizontal beam paths should be part of the design.
Wherever there is any position measurement the key question is what should be measured with respect to what. Not only because the stiffness and sensitivity to mechanical vibrations significantly influence the results but also because the long-term stability and sensitivity to thermal expansion are important factors directly influencing the overall uncertainty. A positioning stage with sample under investigation and its position measured from outside is the simplest arrangement. A set of interferometers encircling the sample holder allows measurement in three axes or even a setup monitoring angle deviations in all degrees of freedom. The interferometers have to be fixed to a mechanical reference which is traditionally called a metrology frame. Its long-term stability depends primarily on thermal dilatation, thus special materials with a low thermal expansion coefficient, ideally ceramics such as Zerodur (Schott) or ULE (Corning), are employed. When the problem of milling a complex structure or high cost are the main obstacles, alloys such as Invar suffice. To overcome the design problem of a large, stiff and expensive metrology frame there may the option to measure differentially evaluating not the absolute position of the sample with respect to space but compared to a suitable reference flat which is a part of the microscope head.
The more complex the interferometric design the more sensitive it becomes to alignment, orthogonality of the measuring axes and adhereing to the Abbe principle. Large positioning and measuring ranges make this problem even greater. Adjustment of the laser beam perpendicularity in the orthogonal system can only be done with the help of optical methods. Employment of a closed-loop control system when the position of the stage is not only monitored by the interferometers but also directly controlled together with such a control of the guidance (angle) errors means an approach that significantly reduces the influence of varying cosine or eventual Abbe errors along the travel range.
Experimental design
For the project of a design of the national nanometrology standard we concentrated on a configuration combining an AFM microscope with a commercial nanopositioning stage and a set of interferometers monitoring (in the first step) and controlling (in the second step) the position of the sample table in all degrees of freedom. The nanopositioning − − stage is a PZT driven system with 200 µm travel range in both and axes and 10 µm range in the vertical axis. The stage is equipped with capacitive sensors with nm resolution and is designed to operate in a closed loop displacement control eliminating the worst effects of PZT nonlinearity and hysteresis. This can be considered a small range system where we concentrated more on the resolution and sensitivity for measuring of small samples.
To put together a testing arrangement to investigate the behavior of the components, the positioning table was embedded into a frame holding all the interferometric optics and detection systems. The frame was made as one piece by CNC milling an aluminum alloy. The easily machined material was considered sufficient to function as a test-bed for future systems.
We opted for an arrangement of six independent displacement measuring interferometers to determine the stage motion in all degrees of freedom. The interferometer assembly consists of three interferometric systems measuring vertical -motion each of them oriented 120
• with respect to each other and the center of the stage. They measure vertical displacement and interferometers monitor a single displacement and -position is measured by pitch and roll angles. The second level of horizontally oriented two more where they can give information about the third deviation angle rotation according to the vertical axis (the yaw angle) [6] .
The laser radiation was delivered to the interferometers via a single-mode polarization maintaining fiber and split into the measuring axes by a 50/50% non-polarizing splitter incorporated into the fiber-optic assembly. The two arms of the fiber-optic delivery supply three interferometers each. The first supplies the three interferometers measuring in the -axis, which are arranged in one plane, and the other the and double measuring interferometers in the other plane (Figure 1 ).
The resolution of the interferometric detection and data processing system here is 10 bit with 1 LSB being the λ/1024 of one cycle of the interferometric signal. The λ/4 resolution of the interferometric system itself results in a final value of λ/4096 or a resolution of 130 pm for the wavelength of 532 nm employed. The small horizontal and even smaller vertical positioning range rises the importance of the linearity of the scale. Linearity of the fringe division is further improved by a software linearization algorithm included directly into the signal processing hardware of the interferometer signal [27, 28] . to be a great obstacle to elimination of primary angle errors, cosine and Abbe errors in all axis of measurement. Independent and precision angle steering of each of the interferometric units became necessary. The key problem of a complex fiber optic assembly for independent light delivery proved to be the polarization maintaining fiber. A set of tests was performed to find a suitable fiber and a splitter with acceptably low sensitivity to stress and thermal effects. We employed a polarization maintaining splitter with one input and eight outputs where the light delivery of the iodine cell was via a fiber as well. The 8th output was reserved for a 7th interferometer which is intended to monitor the vertical positioning of the AFM tip. The arrangement of the modified frame with each interferometer supplied by a discrete fiber is shown in Figure 2 . The three vertical interferometers are hidden below the sample table and a board on the left represents the fiber splitter. Each output collimator is housed in a positioner with four degrees of freedom and fine adjusting screws.
The positioning performance of the free-running stage (without feedback control of angle via additional PZTs) was tested through evaluation of guidance errors. The maximum deviation of the yaw angle (along the vertical axis) proved to be below 10 µrad and the pitch and roll below 1 µrad along the whole travel range. The chance to evaluate the angle deviations offers a good opportunity to compensate for them. We introduced a set of three piezoeletric transducers (PZT) each combining sheering horizontal motion. Their arrangement around the centre of the table with the horizontal axes of motion being oriented tangentially provides a possibility to control all the angle errors. This approach was incorporated into the second setup shown in Figure 2 . With full feedback control of the motion of the stage the guidance errors were kept below the 100 nrad level.
Resulting configuration
The final configuration of the nanopositioning stage is at the moment under construction. Its design draws from the experience gained during the testing of the experimental stages. The metrology frame is being made from a material with low thermal expansion, we decided on Invar alloy, because of reduced cost and easier manufacturing. Not only can the frame be a source of error due to thermal effects, the optical setup of the interferometric units in a traditional plane mirror configuration had unbalanced reference and measuring beam paths. Thermal expansion of the glass components introduces additional uncertainty. We opted for an interferometer in a simple single-beam configuration where both the measuring beam and the reference beam pass through a polarizing beamsplitter and a retardation plate whereby the trade-off of reduced resolution due to the single-pass configuration was considered negligible. The configuration of each type of interferometric unit is shown in Figure 3 . Referencing of the single-pass interferometers is to a point (RP) which is the point where the beam first leaves the glass of the optics. Thermal expansion of the optics is thus effectively compensated by adequate increase of the reference beam path. The point RP represents a point of attaching the unit to the frame. Sensitivity of this full plane mirror design to angle misalignment of the measuring mirror can be seen as an advantage that could be exploited for angle adjustment of the orthogonality of interferometric units and their measuring axes. A test with an autocollimator has proven that it is possible to resolve angle misalignment on the level of 10 arcseconds through a visible drop in fringe contrast.
The laser source able to deliver power for a six-axis measurement system proved to be a frequency doubled Nd:YAG laser operating at the wavelength of 532 nm. This type of laser is also available in a single-frequency configuration with an optical tuning range, achieved through thermal control of the cavity, of approximately 6 GHz. Nd:YAG laser output coincidences with strong transitions in molecular iodine, thus a linear absorption stabilization setup was put together. The relative stability of the laser of around 10 −8 is negligible in comparison with uncertainties derived from a mixture of effects including fluctuations of the refractive index of air, thermal expansion of the interferometer frame and all sources of noise, laser, electronic and acoustic and is thus considered sufficient. An automatic stabilization algorithm with iodine line selection and locking to the line centre optimized for these conditions was introduced.
Traceability of the optical frequency of the laser source to the fundamental standard is ensured through stabilization of the laser to a transition with a frequency shift which was measured by a wavemeter calibrated by the primary standard locked to the reference transition R(56) 32-0. The operating optical frequency of the laser proved to be approximately 208 GHz away from the transition R(56) 32-0 cited in the recommendations of CIPM [29] 3 , which corresponds to the transition of iodine λ = 18780 884 −1 cited in [30] .
The mechanical design of the resulting configuration consists of two frames, one representing a baseplate holding the nanopositioning stage and the second being the metrology frame, the mount for the set of all six interferometers. The interferometric units of the simplified design are mounted to frames made by milling Invar alloy, the same material as that of the frame. Attachment preserves the principle of reference point and allows two angle adjustments through micropositioning screws. The fiber delivery principle was adopted from the previous design, as well as the concept of full control of the stage derived from the interferometric position sensors including the control of pitch, tilt and yaw guidance errors. The configuration is shown in Figure 4 .
Conclusions
The effort presented here is part of a design of the national standard for nanometrology to be operated by the Czech Metrology Institute (CMI) in Brno, Czech Republic. The system uses a full six-axis interferometric measurement of the position of the sample holder with six independent interferometers. Due to the geometric configuration with a wide basis of the two units measuring in the -direction and the three measuring in the -direction the angular resolution of the whole setup goes down to tens of nanoradians [6] . The first experimental configurations are briefly described here together with an outlook for the final stage. The concept of a nanometrology system with local probe microscopy 
